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Antimony (Sb) doped zinc oxide (ZnO) thin films were deposited on the glass substrate at 450◦C using

spray pyrolysis technique. Effect of Sb doping on surface morphology structural, optical and electrical properties

were studied. X -ray diffraction (XRD) analysis showed that both the undoped and doped ZnO thin films are

polycrystalline in nature with (101) preferred orientation. SEM analysis showed a change in surface morphology of

Sb doped ZnO thin films. Doping results in a marked increase in conductivity without affecting the transmittance

of the films. ZnO films prepared with 3 at% Sb shows the lowest resistivity of 0.185� · cm with a Hall mobility of

54.05 cm2V−1s−1, and a hole concentration of 6.25× 1017 cm−3 .

1. Introduction

Zinc oxide (ZnO) is one of the most important oxide

semiconductors belongs to II−VI group. It has a direct

wide band gap (3.37 eV) and high exciton binding energy

of 60meV [1] which makes it a very attractive material for

laser emitting devices [2], light emitting diode [3], and field

emision devices [4]. Due to the several properties of ZnO,

it has applications in the field of solar cells [5], flat panel
display [6], heat reflecting mirrors [7], gas sensors [8] and
catalysers [9]. ZnO can be used as an alternative candidate

to the limited natural resource indium tin oxides (ITO) in

the flat panel displays. However, the optical and electrical

properties of undoped ZnO do not reach the requirements

of high performance semiconductor devices [10]. In order to

enhance these properties ZnO should be doped with various

dopants.

Doping is a very useful process to enhance the optical

and electrical properties of ZnO thin films. Doping of

ZnO with Al, In and Ga were widely investigated by

various group of researchers [11] and it resulted in n-type
conductivity. Many research groups attempted to dope ZnO

with I group and V group elements [12–14] and to realize

the possibility of p-type conductivity films. Among these

materials doping of antimony is special interest because it is

expected to result in the p-type conduction by introducing

the acceptor levels. The various methods have been used

to deposit the pure and doped zinc oxide thin films such as

pulsed laser deposition [15], sputtering [16], physical vapour
deposition [17], molecular beam epitaxy [18], hydrothermal

process [19], chemical vapour deposition [20], sol gel

method [21] and spray pyrolysis technique [22]. But spray

pyrolysis is one of the simple and convenient technique to

deposit the doped and undoped oxide thin films.

In the present study Sb doped ZnO thin films have been

deposited by spray pyrolysis technique and effect of Sb

doping on the surface morphology, structural, electrical and

optical properties of zinc oxide thin films have been studied.
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2. Experimental details

Undoped and Sb doped ZnO thin films were deposited

on to the glass substrate using spray pyrolysis technique.

The starting solution of 0.05M concentrations of zinc acetate

anhydrous [Zn(CH3COO)2] in methanol [CH3OH] was used
to spray. Antimony acetate [Sb(CH3COO)3] is used as

a source of dopant, a small amount of which is added

to the starting solution. By changing the weight ratio

[Sb/Zn] the doping level is varied. The glass substrates

were kept in concentrated nitric acid for 24 h to remove

the surface impurities present on it. After removing the

glass substrate, it is washed with soap solution, furthur it

is cleaned with acetone, isopropyl alcohol and finally with

deionised water using ultrasonic bath and dried. During

deposition the temperature was maintained at 450± 5◦C,

the spray nozzle is fixed at a distance of 24 cm from the

substrate, the solution is sprayed at the rate of 2ml/min. Air

is used as carrier gas at the pressure of 0.2 Torr. Pyrolytic

process occurs, when the aerosol droplets reach the hot

glass substrate and adherent films were produced.

The thickness of the deposited film was measured by

gravimetric method and the films of 600 nm thickness were

used in the present study. The structural characterization of

the film was carried out using X -ray diffractometer (XRD),
with Cu kα radiation of wavelength λ = 1.5418 Å. The

influence of Sb dopant on the structure of ZnO thin films

was investigated. Scherrer’s method was used to calculate

the average crystallites size of the films. Scanning electron

microscope (SEM) has been used to record the surface

micrographs of Sb doped ZnO thin films. [Sb/Zn] ratio

in the ZnO films is determined using the energy dispersive

analysis of X -ray’s (EDAX). The optical measurements of

undoped and Sb doped ZnO thin films were carried out

using UV — Visible spectrophotometer in the wavelength

range of 200−900 nm at room temperature. The electrical

characteristics of the films were studied using Keithley

source meter and multimeter. The Hall measurements of

the Sb doped films were examined by using Van-der-Pauw

920



Properties of antimony doped ZnO thin films deposited by spray pyrolysis technique 921

method at room temperature in a magnetic field strength

of 0.3 T.

3. Results and discussions

3.1. Structural & morphological characterization

XRD studies have been performed to investigate the

structure of undoped and Sb doped ZnO thin films.

Fig. 1 shows the XRD pattern of undoped and Sb doped

ZnO thin films. Both the undoped and Sb doped films

exhibit hexagonal wurtzite polycrystalline structure. The

undoped ZnO thin films have preferred orientation along

(002) direction, with the intensities of other peaks being

relatively low. Sb doped ZnO thin films show a preferred

orientation along (101) direction. Further, it is observed that

with increase in the concentration of dopant, the intensity

corresponding to the (101) set of planes decreases. Shift

in the peak positions is used to compute the changes in the

lattice parameter of the films. It is observed that doping does

not result in changes in lattice parameter indicates no lattice

distortion. There is no peak corresponding to free antimony

or related compound detected in the XRD pattern.

The crystal quality of the ZnO thin films are decided by

the crystallites size calculated from measurements on the

peak in the diffraction pattern. The crystallites size (D) in

the film was determined using the Scherrer’s formula [23]

D = 0.9λ/β cos θ, (1)

where D is the crystallite size, λ is the wavelength, β is the

full width at half maximum (FWHM) of the peak and θ

the Bragg angle. The estimated crystallite size was found to

be in the range 15 to 20 nm indicates fine grain structure

for the films. This is further compared with SEM images

of the films (Fig. 2). The grain size is found to decreases

marginally for films doped with 5% Sb (Table 1).
The lattice parameters ‘a’ and ‘c’ of undoped and Sb

doped ZnO thin films were calculated using the formula [23]

1/d2 = 4(h2 + k2 + hk)/3a2 + l2/c2, (2)

where d is the interplaner separation h, k, l are crystal

plane index, a, b and c are lattice parameters, respectively.

The calculated values of
”
a“ and

”
c“ matched well with

reported data [JCPDS file No. 080−0074 (a = 3.2535 Å,

c = 5.2151 Å)]. This clearly indicates the incorporation

of Sb in the ZnO lattice does not distort the lattice.

Table 1. XRD data of undoped and Sb doped ZnO thin films

Sb, at% Orientation D, nm a , Å c, Å

0 (002) 15.3 3.23 5.23

1 (101) 15.9 3.26 5.23

3 (101) 18.9 3.25 5.22

5 (101) 13.9 3.25 5.22

5% Sb doped

3% Sb doped

1% Sb doped

Figure 1. XRD pattern of undoped and Sb doped ZnO thin films.

Figure 2. SEM images of (a) undoped ZnO, (b) 1 at% Sb

doped (c) 3 at% Sb doped and (d) 5 at% Sb doped ZnO thin

films.

The scanning electron micrographs of undoped and Sb

doped ZnO films were shown in Fig. 2. The successful

incorporation of Sb in the ZnO lattice was confirmed by

EDAX analysis.

3.2. Optical characterization

The effect of concentration of Sb dopant on the optical

transmittance (T ) and energy band gap of ZnO thin films

has been studied. Transmittance spectra of undoped and

Sb doped ZnO thin films are presented in the Fig. 3. It is

found that, all the films have the transmittance above 75%

in the visible region and sharp absorption edge in the UV

region. This indicates that the Sb dopant do not affect

the transmittance of the film. The sharp decrease in the

transmission near UV region was observed due to the band

gap absorption. Good transmittance in the visible region
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reveals that films has less defects and better crystallinity [24].
It is observed that the absorption edge of Sb doped ZnO thin

films shifts to lower wavelength region when compared with

undoped ZnO thin films. Using absorption data, absorption

coefficient (α) is calculated to obtain the band gap values

with the help of following relation [25]

α = ln(1/T )/t, (3)

where T is the transmittance, t is the thickness of the

film. Furthermore there are no interference effects in

transmission spectra indicating the uniformity of surface and

small crystallites size. The undoped as well as Sb doped

ZnO thin films have a direct band gap. For the direct

allowed transition, the band gap of ZnO thin films can be

determined using the relation [26]

(αhν) = A(hν − Eg)
1/2, (4)

where A is constant, hν is photon energy and Eg is the

energy band gap.

Undoped
1% Sb
3% Sb
5% Sb

Figure 3. Transmittance spectra of undoped and Sb doped ZnO

thin films.
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Figure 4. Variation of (αhν) 2 verses hν of undoped and Sb

doped ZnO thin films.

Table 2. The optical and electrical data of undoped and Sb doped

ZnO thin films

Sb, at% T ,% Eu, meV Eg , eV σ, S · cm Ea , meV

0 78 − 3.24 0.156 348 −

1 79 469 3.26 0.532 441 50

3 75 415 3.28 5.4 444 54

5 75 357 3.32 4.67 373 69

Fig. 4 shows the variation of (αhν)2 with hν for undoped

and Sb doped ZnO thin films. The extrapolation of linear

part of (αhν)2 verses hν plot to the x -axis gives the energy

band gap (Eg) of the film. The linear part in the plot

indicates the direct allowed transition [26]. The energy band

gap value obtained for undoped ZnO thin film is 3.24 eV.

The variations of optical band gap with concentration of Sb

dopant are presented in Fig. 4. It is found that Eg values

slightly increased from 3.24 to 3.34 eV as the concentration

of dopant increased from 0 to 5 at%. Widening of the energy

band gap may be explained on the basis of Moss−Burstein

theory [27]. According to the theory, in heavily doped zinc

oxide films, the donor electrons occupy states at the bottom

of the conduction band. Since the Pauli’s principle prevents

states from being doubly occupied and optical transitions are

vertical, the valence electrons require an additional energy

to be excited to higher energy states in the conduction

band. Therefore, Eg of doped zinc oxide is broader than

that of undoped zinc oxide films [28]. The optical transition

between the occupied state in the valance band tail and

unoccupied state in the conduction band edge is explained

by the following equation

α = α0 exp(hν/Eu), (5)

where α0 is a constant, Eu is the Urbach energy which

characterizes the slope of the exponential edge. The values

of Eu were obtained from the inverse of the slope of lnα

with hν plot and the calculated values are given in the

Table 2. The urbach energy of undoped ZnO is found to be

252.7meV. It is observed that urbach energy of Sb doped

ZnO films decreases with increasing dopant concentration

from 1 to 5 at%. This may be due to the dopant element

changes the width of localized state in the optical band. It

is noted that urbach energy value changes inversely with

optical band gap [29].

3.3. Electrical characterization

The current−voltage (I−V) characteristics of undoped

and Sb doped ZnO thin films were recorded using the

two-probe method. Silver is used as a contact material.

The measurements have been taken for voltage ranging

from −5V to +5V. Fig. 5 shows the variation of current

with voltage. I−V characteristics of doped and undoped

ZnO films found to be linear, indicating ohmic conduction
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Table 3. Hall measurement data of undoped and Sb doped ZnO films

Sample Resistivity, ρ (� · cm) Carrier concentration, n (cm3) Mobility, µ (cm2V−1s−1) Conduction type

Undoped 6.41 9.92 · 1016 9.38 n
lat%Sb 1.88 3.57 · 1017 9.30 n
3 at%Sb 0.185 6.25 · 1017 54.05 p
5 at%Sb 0.214 6.51 · 1017 44.72 p

mechanism. It is found that the conductivity of ZnO thin

films varies with the addition of Sb dopant.

The variation in the electrical conductivity (σ ) of ZnO

thin films with the concentration of Sb dopant is shown

in Fig. 6. It is noted that the conductivity of ZnO films

increases up to 3 at% addition of Sb. This may be due

to replacement of Zn2+ by Sb3+, contributing additional

charge carriers to the electrical conduction. Thus increase

in the electrical conductivity may be attributed to the

presence of large number of charge carriers introduced by

the dopant [30]. Decrease in the conductivity of 5 at% Sb

doped ZnO films may be due to disorder produced in the

ZnO lattice, which leads the scattering of carriers such as

ionised impurity scattering or phonon scattering. The high

conductivity of 5.4 Scm−1 was obtained for 3 at% Sb doped

ZnO films. This result is consistent with structural result that

maximum crystallite size and minimum dislocation density

for 3 at% Sb doping.

The p-type conductivity of Sb doped ZnO materials have

been reported by group of researchers [31,32]. According

to Limpijumnong et al. [33] SbZn−2VZn complex was

most likely candidate to form a shallow acceptor level in

large-sized mismatched group−V−doped ZnO. The n-type
conductivity is observed in the 1 at% Sb doped films.

This is due to low concentration of dopant which is not

enough to change the conductivity from n-type to p-type.
Although SbZn is produced in the film, the concentration

of SbZn−2VZn complex is too small to show p-type
conductivity. On increasing the doping concentration to 3

and 5 at% the formation of SbZn−2VZn complex is sufficient

to flip the conductivity from n-type to p-type. Table 3 gives

the Hall measurement data of undoped and Sb-doped ZnO

thin films grown at different doping concentrations. It is

observed that p-type conduction can be achieved above a

concentration of 3 at% Sb dopant. It is worth noting that

the films prepared with 3 at% Sb shows the low resistivity

of 0.185�−cm with a Hall mobility of 54.05 cm2V−1s−1,

and a hole concentration of 6.25× 1017 cm−3.

The variation of resistance with temperature of the Sb

doped ZnO films has been studied. Fig. 6 shows a plot

of logR verses inverse temperature for 3 at% Sb doped

ZnO thin film. It is observed that electrical resistivity

decreases as the concentration of Sb dopant increases

up to 3 at%, since crystallites size increases with doping

(Table 2). This diminishes the grain boundary scattering

by decreasing the number of grain boundaries. With

increasing temperature, resistance of the film decreases

linearly, indicating semiconducting nature of undoped and

Sb doped ZnO films. Thus activation energy (Ea) can be

calculated from the slope of LogR verses 1/T plot. The plot

of logR verses inverse temperature of undoped films shows

the single activation energy, whereas Sb doped films show

two activation energies at the 2 region of temperature. These

activation energies represent shallow and deep donor levels

in the films. The double activation energy in the doped ZnO

films is also reported by Jimenez−Gonzalez et al. [34] in

their Al doped ZnO films prepared by sol gel technique.
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Figure 5. I−V characteristics of undoped and Sb doped ZnO

thin films.
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Figure 6. Variation of LogR with 1/T of Sb doped ZnO thin

films.
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Thus the charge carriers in the ZnO films increases by

antimony doping and trapping levels with activation energy

less than 55meV contribute to the electrical conductivity

with very low energy cost [34]. The calculated values of

activation energies are listed in the Table 2.

4. Conclusions

Sb doped ZnO thin films have been deposited on glass

substrate using spray pyrolysis technique. The effect of Sb

doping on the structural, optical and electrical properties

of ZnO thin films has been investigated. XRD analysis

reveals that Sb doped ZnO thin films exhibit hexagonal

wurtzite structure with (101) preferred orientation. Films

doped with 3 at% Sb showed optimum characteristics of

high transparency and high electrical conductivity suitable

for conducting electrodes.
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